Household-based chlorine disinfection is widely effective against waterborne bacteria and viruses, and may be among the most inexpensive and accessible options for household water treatment. The microbiological effectiveness of chlorine is limited, however, by turbidity. In Tanzania, there are no guidelines on water chlorination at household level, and limited data on whether dosing guidelines for higher turbidity waters are sufficient to produce potable water. This study was designed to assess the effectiveness of chlorination across a range of turbidities found in rural water sources, following local dosing guidelines that recommend a 'double dose' for water that is visibly turbid. We chlorinated water from 43 sources representing a range of turbidities using two locally available chlorine-based disinfectants: WaterGuard and Aquatabs. We determined free available chlorine at 30 min and 24 h contact time. Our data suggest that water chlorination with WaterGuard or Aquatabs can be effective using both single and double doses up to 20 nephelometric turbidity units (NTU), or using a double dose of Aquatabs up to 100 NTU, but neither was effective at turbidities greater than 100 NTU.
INTRODUCTION
The goal of extending household connections to a safe water supply remains elusive in many settings. Simple and effective household water treatment and safe storage (HWTS) has been proposed as a practical interim strategy to prevent waterborne diseases by reducing exposure to diarrheagenic microbes in drinking water (Mintz et al. ; Semenza et al. As an intervention in Tanzania, widespread water chlorination at the household level began in 2002 when Population Services International launched two chlorine products: Water-Guard (1.25% sodium hypochlorite aqueous solution) and
Aquatabs (tablet containing 67 mg of sodium isocyanurate (NaDCC)). Since then, some communities in Tanzania have used these products as one disinfection solution for drinking water at the household level. WaterGuard is packaged in a 150 mL bottle with a 3 mL cap. It is accompanied by written directions instructing users to add one full bottle cap (3 mL) of the solution (referred to as a single dose) to 20 L of clear water in a container with a lid that fits tightly, closing the lid and shaking slightly and waiting 30 min for water to become safe to drink. For turbid water, users are instructed to filter the water through a clean cloth, add two caps (6 mL) of chlorine solution (referred to as a double dose) in a 20 L container with a lid that fits tightly, close the lid, and shake slightly. After 30 min, instructions indicate that the water is safe to drink.
Like WaterGuard, Aquatabs generates hypochlorous acid upon contact with water (Clasen & Edmondson ) . Instructions accompanying the product state that, for clear water, the user is to add one tablet of Aquatabs (referred to as a single dose) to 20 L of water and wait 30 min before consumption. For visibly turbid water, users are instructed to filter water through a clean cotton cloth before adding two tablets (referred to as a double dose) of Aquatabs to 20 L of water and waiting for 30 min before use. These simple, field-ready instructions suggest that POU chlorination is suitable for use even with higher turbidity waters. It is important to note that users will usually not be able to measure turbidity themselves.
The efficiency of chlorine disinfection is affected by organic and inorganic compounds present in turbid water.
These compounds are known to exert a chlorine demand, presenting a challenge to maintaining a microbiocidal free available chlorine (FAC) residual in highly turbid waters (LeChevallier et al. ), and the chemical characteristics and effects of turbidity may vary widely across settings.
Due to particle association, higher turbidity may also shield microbes from inactivation by chlorine (Crump et al. ) . According to the World Health Organization (WHO) 'Guidelines for Drinking-water Quality' (WHO ), median turbidity should be below 0.1 nephelometric turbidity units (NTU) for effective disinfection.
There is some evidence, however, that POU chlorination may be suitable even for higher turbidity levels (Lantagne ) , and some international organizations, governments, implementers, and researchers have recommended appropriate turbidity ranges for chlorinating water. Because measuring microbiological effectiveness is difficult, efficacy of POU chlorine-based disinfection is indicated by the maintenance of appropriate chlorine residue. The goal is to maintain a minimum FAC residue of 2.0 mg/L at 30 min after addition of sodium hypochlorite and thereafter, not less than 0.2 mg/L at 24 h (USEPA ; Lantagne ; WHO ; CDC ). This represents a range that has been shown to be both effective in killing bacteria and viruses while producing water that is not rejected by users due to excessive chlorine taste. It should be noted here that this normal range of FAC recommended to kill bacteria is not In Tanzania, there is no guideline value on turbidity for chlorination at household level. The Tanzania water quality standard sets limits and an allowable range of turbidity of between 5 and 25 NTU (TWQS ) for drinking water, based on organoleptic requirements. This study was designed to provide evidence-based practical guidance for proper dosing of chlorine at household level, where water treatment is required for prevention of waterborne diseases in rural water sources that are often of higher turbidity than in conventional systems. Specifically, our goal was to determine the maximum turbidity limit for household-level chlorination without pretreatment of water across rural areas in Tanzania.
METHODS

Study area description
This study was carried out in Kisarawe, one of the six districts of Pwani Region. It is bordered to the North by Kibaha District, to the East by Mkuranga District, to the South by Rufiji District, and to the West by Morogoro Region.
Baseline information
Baseline information on this study was sought as part of the London School of Hygiene and Tropical Medicine. We randomly selected households from two villages as part of the larger study of water quality, water treatment, and health.
Using feedback from individual households and from village leaders, we assembled a list of available water sources used for drinking in the area. We analyzed the turbidity of the water sources onsite with the goal of including sources in each of the following categories of turbidity: <1, 1-5, 6-10, 11-20, 21-30, 31-50, 51-100, and >100 NTU. These turbidity ranges were selected with reference to the findings elsewhere that chlorination can be effective over a wide range of turbidity (Lantagne ; CDC ; WHO ).
This study was designed to test chlorine dosing for water with turbidity even beyond 100 NTU because it is reported that people in some rural areas use water with turbidity were included in this study, the most common water source type in the study area. All water sources included in the study were tested at baseline for chlorine residue. Analyses for turbidity and chlorine were done using Turbidity and Analyses for the total chlorine and FAC were done at 30 min and 24 h. Thirty minutes was chosen because in order for chlorine to be effective in killing pathogens in water it requires sufficient time (at least 30 min) to react with organic and inorganics present in water before it is available for disinfection (WHO ); 24 h was chosen because more than 24 h chlorine residue in water may be very small owing to decay of chlorine over time and the fact that many households will consume 20 L of water for not more than 24 h (CDC ).
Analyses of data
All data were double-entered in an Excel spreadsheet, compared and analyzed using Stata Release 11.0 (StataCorp., College Station, Texas). Because the turbidity levels tend to follow a skewed distribution, statistical analyses were performed after turbidity counts were transformed to their log 10 values and checked for normality before using statistical tests that assume a normal distribution of data. For this purpose only, turbidity values of 0 were assigned a value of 1 so as not to lose the data in the log transformation.
Mean, median, and range for turbidity and FAC were determined. A paired t-test was used to analyze turbidity counts of paired (time, container, and dose) water samples. A linear regression model adjusting for repeated samples within the same water sources was used to explore the possible associations between NTU values with dose and container characteristics at 95% significance level.
RESULTS
Water sources included in this study were those identified by local communities as used for drinking as the primary use. All water sources visited at baseline had turbidity >1 NTU. Consequently, the turbidity category <1 NTU was dropped from the study. Typical well depth was between 2 and 30 m. The wells were unlined, uncapped and without pumps. No FAC residue was detected in any water source at the point of collection. Clay pots, commonly known in the Swahili language as Mtungi, were the most commonly used storage containers for drinking water at household level.
Physico-chemical characteristics of water
The turbidity of water sources ranged between 3.3 to 350 NTU with geometric mean of 44.5 with standard of the average mean of 67.09. This and other characteristics of water are as shown in Table 1 .
Mean FAC by turbidity category, time, and dose
The FAC concentrations for turbidity categories, time, and dose are summarized in Table 2 . For category of turbidity 1-5 NTU, the overall mean FAC was 1.56 and 0.75 mg/L at 30 min and 24 h, respectively, for the single dose; and for the double dose it was 2.08 and 1.13 mg/L. For the water turbidity category of 6-10, the mean FAC was 1.45 and 0.67 mg/L at 30 min and 24 h, respectively, for the single dose and 1.67 and 1.02 mg/L for the double dose.
The mean of FAC was least for the turbidity category 51--100 NTU. No FAC was detected in the category of >100 NTU for single or double dose chlorination after 30 min contact time.
Aquatabs
When water treated with Aquatabs was analyzed, it was found that for the category of 1-5 NTU, the FAC was 1.56 and 0.74 mg/L at 30 min and 24 h, respectively, for the single dose (Table 2) . However, for the double dose it was 2.03 and 1.12 mg/L at 30 min and 24 h, respectively. For the water with turbidity category of 6-10 NTU, the mean FAC was 1.44 and 0.67 mg/L at 30 min and 24 h, respectively, for the single dose and 1.78 and 1.11 mg/L for the double dose. The category of turbidity 11-20 NTU had the following mean FAC: 1.03 and 0.18 mg/L for single dose at 30 min and 24 h, respectively, and 1.69 and 0.96 mg/L for double dose at 30 min and 24 h, respectively. The category of turbidity >100 NTU had the lowest mean FAC with only 0.09 mg/L when applied as a double dose after 30 min (Table 2) .
Waterguard
For water treated with WaterGuard, in the category of turbidity 1-5 NTU, the FAC was 1.56 and 0.77 mg/L at 30 min and 24 h, respectively, for the single dose and for Table 2 ). 
The result of the linear regression analysis is shown in
DISCUSSION
Chlorine is a strong water disinfectant, capable of killing most bacterial and viral pathogens associated with diarrheal Second, householders may not be able to judge the level of turbidity in their water before chlorination.
Our results suggest that the amount of FAC declined significantly with increased turbidity and contact time. These findings reveal the effect of turbidity on chlorine available for disinfection.
The amount of FAC provided by double dose at 30 min of contact time was slightly higher than the recommended value of 2 mg/L owing to taste and odor to consumers who may reject the treated water and drink untreated water if chlorination is the only available means of water treatment (Lantagne ; CDC ). The FAC provided by a double dose was significantly higher (p < 0.01) compared with that provided by single dose. A single dose may be effective to a maximum of 50 NTU, since measurable FAC remains at 30 min, but this may not be sufficient contact time for achieving a high microbial reduction. Our data suggest that water chlorination can be effective using both single and double doses up to 20 NTU. Use of a double dose of Aquatabs continues to be effective up to 100 NTU. Above that level no FAC was detected in treated water, even after 30 min contact time. This finding is similar to the study by Lantagne (), who recommended not chlorinating water with turbidity higher than 100 NTU.
When Aquatabs were evaluated separately, the minimum required FAC was attained within 30 min across all turbidity ranges except where water had turbidity >100 NTU. Furthermore, a double dose of Aquatabs attained the minimum required FAC at 24 h storage time, again with the exception of turbidity >100 NTU. This was not the case with WaterGuard, which when used as a as could be the case if the study was to be done during the rainy season.
Although we are ultimately concerned with microbial safety of drinking water, the study did not actually measure microbial indicators or pathogens in chlorinated water;
instead, we measured FAC as an intermediate indicator of disinfection effectiveness recommended for assessing potability of water (CDC SWS Project ; WHO ). It was therefore assumed that chlorine residue after some contact period (in this case 30 min and 24 h) means that the dosing was effective and that we can assume microbes were inactivated. On the other hand, since high turbidity in water interferes with disinfection because of the shielding effect on microbes as they are particle associated, and that since the study did not measure microbial counts, it is not possible to conclude that the chlorine doses tested here were effective for the inactivation of pathogens, especially for the more resistant ones such as Cryptosporidium.
It is important to note that although household water 
